Abstract: Strong and directionally specific forward scattering from optical nanoantennas is of utmost importance for various applications in the broader context of photovoltaics and integrated light sources. Here, we outline a simple yet powerful design principle to perceive a nanoantenna that provides directional scattering into a higher index substrate based on the interference of multiple electric dipoles. A structural implementation of the electric dipole distribution is possible using plasmonic nanoparticles with a fairly simple geometry, i.e. two coupled rectangular nanoparticles, forming a dimer, on top of a substrate. The key to achieve directionality is to choose a sufficiently large size for the nanoparticles. This promotes the excitation of vertical electric dipole moments due to the bi-anisotropy of the nanoantenna. In turn, asymmetric scattering is obtained by ensuring the appropriate phase relation between the vertical electric dipole moments. The scattering strength and angular spread for an optimized nanoantenna can be shown to be broadband and robust against changes in the incidence angle. The scattering directionality is maintained even for an array configuration of the dimer. It only requires the preferred scattering direction of the isolated nanoantenna not to be prohibited by interference.
Introduction
Directional scattering of light plays an important role in a wide range of photonic technologies such as photovoltaics [1] [2] [3] , quantum emitters [4, 5] , light emitting diodes [6] [7] [8] , and optical wireless communication [9] . These applications require meticulous control of the flow of light in order to be optimal. Through the usage of surface plasmon resonances in metallic nanoantennas, the benefits of having strong directional scattering and enhanced light-matter interaction can be combined to open up a plethora of functionalities [10] [11] [12] [13] [14] [15] [16] . One of the first strategies to achieve directional scattering from plasmonic nanoantennas has been the extrapolation of established designs from radiofrequency antennas to the visible. For example, it has been shown that the Yagi-Uda antenna, which consists of multiple resonant elements with a spacing distance determined by phase matching conditions and suitably tuned resonance frequencies, can provide strong directivity in the optical domain [17] [18] [19] [20] . The high directivity and efficiencies achieved from these earlier studies stimulated the quest for simpler and more compact geometries that can be fabricated more easily such as: single element nanoantennas [21] [22] [23] [24] , bimetallic structures [25] , and plasmonic dimers [26] . Important insights have also been gained into the physics of directional scattering by nanoantennas and the role played by dipolar and multipolar sources [27] [28] [29] .
It is of pertinence to note that symmetry properties have a significant impact on the scattering properties of nanoantennas [30, 31] . Symmetric nanoantennas have intrinsic limitations with regard to providing a directionally specific response. One can expect to have the same scattering to angles of the same corresponding symmetry family. It is advantageous, therefore, to utilize asymmetric nanoantennas, which can potentially scatter light in an angularly more specific direction. Important examples of asymmetric structures investigated thus far include V shaped nanoantennas [21] and split ring resonators [28] .
There remain, however, some challenges in light steering with single nanoantennas. Ensuring a narrow angular range of dominant scattering with a minimum number of elements in the nanoantenna structure has only been done with limited success. The local nature of a nanoantenna would naturally allow scattering into a continuum of directions. Therefore, decreasing the angular spread is likely to require additional complexity on the antenna geometry. Furthermore, the scattering response is typically sensitive to the angle of incidence and the wavelength of the illumination. Light steering by single nanoantennas thus still lacks the robustness that facilitates their applications in optoelectronic devices.
Here, we describe a simple design principle to achieve strong directional scattering into a higher index media based on the interference between two or more dipole sources' radiation. Once the requirement for achieving directionality is identified, we use these insights to demonstrate strong, directionally specific, fairly insensitive to angle of incidence, and broadband forward light scattering around the Total Internal Reflection (TIR) angle. All of these requirements are met by an easy to fabricate 2D asymmetric plasmonic dimer structure as sketched in Fig. 1 with geometries beyond the quasi-static regime. The design of the asymmetric dimer nanoantenna is perceived by first considering the interference between multiple tangentially and normally oriented electric dipoles on top of a substrate. A strong and specific scattering into the TIR angle is obtained by tailoring the phase difference between the dipoles normally oriented to the substrate interface. The dipoles can be structurally implemented using fairly basic nanoantenna building blocks. Even though presented here for 2D systems, the design rationale can also be used to devise 3D structures. When the dimers are placed in an array configuration, the preferential scattering direction is maintained as long as scattering to that particular direction is allowed.
Near-and far-field analyses are done using a finite element solver JCMsuite (JCMwave, Germany) [32] . As a proof of principle, we consider a nondispersive substrate (permittivity of 3.24) with a silver nanostructure and air on top. Only transverse magnetic (TM) polarized plane waves impinging from air are considered in the calculations.
Basic design principle
Our asymmetric dimer nanoantenna design was inferred by first considering the radiation pattern of electric dipolar line sources on top of the substrate. The associated current density is given by 0 ( ,t) ( ) The radiation pattern of the dipole sources polarized normal to the substrate interface is mainly dominated by the dipole near-field (non-radiative) contribution that couples to the substrate and becomes radiative there [34] . The sharp and narrow radiation pattern reflects the fact that the dipole field component naturally peaks around the radiation edge in k-space. By changing the substrates' permittivity, the preferred radiation direction changes according to the TIR angle. When considering two dipole line sources that are both polarized normal to the substrate, their interference can produce a radiation pattern, which only goes to either the positive or negative TIR angle for a certain phase difference between the sources [ Fig. 2(b) ]. A nanoantenna design, which allows the excitation of such dipole moments with the corresponding phase difference, therefore results in a highly directional scattering into the substrate even if it is just a single nanoantenna. Furthermore, the exploitation of this dipole near-field coupling to substrate mechanism comes with the additional benefit of robustness against a change in the angle of incidence. As long as there is a net effective vertical dipole moment excited, and the distance of the nanoantenna is close enough to the substrate to allow near-field coupling, there will always be a peak in the forward scattering around the TIR angle. We therefore aim to mainly harness these dipole moments that are normal to the substrate to produce our directional scattering.
Having identified the desired dipole moments, one can proceed to deduce the required geometry for certain plane wave incidence cases of interest. Here, we focus on achieving strong vertically polarized dipole moments around the normal incidence. Nanoantenna structures that support strong excitation of such dipole moments by normal incident plane waves naturally require a height for which the quasi-static approximation is no longer valid. No further restriction is needed. The substrate on top of which the nanoantennas are placed introduces a vertical asymmetry in the environment. This asymmetry, in turn, helps to induce higher order multipolar moments in the ridges, which contribute to the net effective vertical dipole moment. This effect is commonly known as substrate induced bianisotropy [35] . The nanoantenna height requirement can be relaxed, if the index contrast between the two dielectric media is made larger.
We proceed to show how we arrive at the geometry of Fig. 1 . Ridge elements with a rectangular shape are chosen as the basic building blocks due to their simplicity. The width of the ridge is an additional parameter to control the wavelength at which optimum scattering will occur. A scan of the geometrical parameters is then performed to look for the geometry that would allow the excitation of vertical dipole moments by normal incident plane wave at the wavelengths of interest. One can expect that horizontal dipole moments are also being excited in the ridge structures. However, the contribution of the vertical dipole moment can still be dominant.
In Fig. 3 (a) we show the polar plot of forward scattering into the substrate for an optimized single silver ridge for the wavelength of 530nm. The permittivity for silver is taken from Johnson and Christy [36] . By inspecting the scattered field profile, it can be seen that the ridge supports multipolar moments upon normal incident plane wave excitation. Despite this, the forward scattering into the substrate can be understood in terms of just three interfering electric line dipoles: one horizontally polarized dipole, and two anti-parallel vertically polarized dipoles placed at different positions [ Fig. 3(a) ]. For a single vertically polarized dipole, the portions of forward radiation into the substrate that go into the negative and positive angles have opposite phase. As the ridge structure has horizontal mirror symmetry, it necessarily supports two anti-parallel vertical dipole moments to produce a symmetric scattering pattern. The dipole parameter details we used to fit the numerical calculation can be found in Table 1 in the Appendix. Our dipole fitting reveals that the excited vertical electric dipole moments indeed give a dominant contribution to the ridge's forward scattering into the substrate. The contribution of the effective vertical electric dipole moments is the cause of the strong scattering around the TIR angle as seen in the forward scattering angular distribution in Fig. 3(a) .
As already explained in the strategy, in order to direct the scattering around either the negative or positive TIR angle only, we need to modify the relative phase between the vertically oriented electric dipole moments. In our nanoantenna design, inducing the required phase difference was accomplished by adding a thinner ridge element to the side (Fig. 1) . The purpose of the thinner ridge is to allow the excitation of a metal insulator metal (MIM) mode at the gap between the two plasmonic ridges [37] . While not affecting the forward scattering distribution on its own, the gap MIM mode affects the vertical charge oscillation around the gap region and in turn changes the relative phase of the effective vertical dipole moments. Thus, the usage of metal in our case is motivated by both the broadband response of localized plasmonic resonances and the possibility to excite gap MIM modes. The fact that the MIM mode can be excited at any incidence angle will contribute to the robustness of the asymmetric scattering pattern against change in angle of incidence. Guided by these design principles, optimization of the free geometrical parameters can be done to provide a strong, directional and asymmetric scattering response while being broadband and insensitive to angle of incidence. Fig. 3 . Scattered far-field intensity into the substrate for (a) single ridge with H = 100nm and W = 150nm and (b) asymmetric dimer H = 100nm, W1 = 50nm, and W2 = 150nm in the case of normal incident light at the wavelength of 530nm. The scattered far-field intensity is compared to the radiation of multiple electric dipoles (2 vertically polarized and one horizontally polarized) with fitted parameters. The field profile plot shows the scattered field intensity while the arrows give the scattered field. All far-field plots are given in the same scale. Parameters used in the multiple electric dipoles model for both cases can be found in Table 1 and Table 2 respectively.
Most suitable structure
The near and scattering far-field plot for the optimized asymmetric ridge dimer around 530nm wavelength for normal incidence is shown in Fig. 3(b) . The optimum parameters are: left ridge width W 1 = 50nm, right ridge width W 2 = 150nm, height H = 100nm, and gap width g = 50nm. In accordance with the design consideration, the thinner element with W 1 = 50nm is only weakly scattering at 530nm wavelength [ Fig. 8(a) ] and does not by itself affect the scattering characteristics to a notable extent. As seen in the inset of Fig. 3(b) , the near-field profile of the asymmetric dimer reveals a more complex multipolar distribution than the case of a single ridge [inset of Fig. 3(a) ]. The electromagnetic energy is mostly confined in the gap, which is partly due to a MIM mode being excited there [37] . A good fit of the numerically calculated scattering pattern can still be obtained with the three electric line dipoles model [ Fig. 3(b) , Table 2 in the Appendix] which is in agreement with the physical arguments described in the design rationale before. The optimized dimer scattering can actually be better represented with a four line dipoles model which considers an additional horizontally polarized dipole line source that is weaker in strength compared to the others (Fig. 9, Table 3 in the Appendix).
Throughout the 350-600nm wavelength range, an asymmetric forward scattering into the substrate is preserved with a peak around the positive critical angle of 33°. The polar plots of the far-field scattering into the substrate are shown in Fig. 4(a) for wavelengths of 400nm, 530 nm, and 600nm for a normal incident TM polarized plane wave. As a measure of the scattering strength and directivity, we define a forward scattering crosssection F, which is the ratio of the power scattered into the higher index substrate relative to the incoming plane wave intensity. For the wavelength of 530nm, 48.5% of the forward scattered power lies within the angular range of 30° -60° with F = 346.7nm. The Full Width at Half Maximum (FWHM) of the lobe around the positive critical angle is 15°, which covers an even smaller portion of the angular range; indicating strong directivity. As a figure of merit to measure the scattering asymmetry, we define the parameter γ, which is the ratio of the scattered power portion going to the positive 30° -60° range compared to the portion going to the negative range. γ amounts to 28.5 for a wavelength of 530nm at normal incidence. It indicates a strongly asymmetric scattering as the power scattered in the negative direction is 28.5 times less than in the positive direction. For the wavelength of 400nm, F = 211.4nm is obtained with 15.7% of the forward scattered power directed to the positive 30°-60° angular range and with γ = 4.9. For a wavelength of 600nm, F = 313.4nm is obtained with 36.9% of the forward scattered power in the positive 30°-60° angular range and with γ = 3.6 . The preferential scattering to the positive critical angle direction at the wavelength of 530nm is maintained even up to ± 30° incidence angle [ Fig. 4(b) ]. For the case of + 30° angle of incidence, we obtain F = 274.2nm with 46.2% of the forward scattered power is in the positive angle and with γ = 5.9 . For the case of −30° angle of incidence, F = 410.6nm is obtained with 34.1% of the forward scattered power in the positive direction and with γ = 2.8 . For more oblique incidence (not shown here), the preferential scattering to the positive direction is no longer kept but there are still peaks around the critical angle.
One can actually obtain a more directionally specific nanoantenna system with less scattering around the normal direction with a thinner secondary ridge of 25nm width (Fig.  10) . However, we found that the system is more sensitive to the incoming angle, particularly in the positive direction.
To demonstrate the broadband nature of the optimized asymmetric dimer scattering characteristics more clearly, a plot of the total scattering cross-sections, which includes both forward and backward scattering, is given in Fig. 5(a) . It compares the scattering cross-section of the entire dimer (solid blue line) in Fig. 3(b) with that of the individual elements. The scattering cross-section spectra reveal multiple spectral features for all cases, which is an indication that each element supports multipolar resonances. Therefore, the geometry under consideration is beyond the quasi-static approximation at the wavelengths of interest. The dimer total scattering cross-section is dominated by the contribution of the larger ridge (W 2 = 150nm, dashed red line), which is also broadband in nature as it supports localized surface plasmonic (LSP) resonances. Notice that the scattering cross section of the dimer is higher than the scattering cross section of the single ridge. This higher scattering cross section is due to the excitation of the MIM mode, which contributes to a stronger horizontal dipole moment (compare Table 1 with  Table 2 of the Appendix). The forward scattering angular distribution into the substrate at different wavelengths is shown in Fig. 5(b) . It can be seen that the asymmetric scattering nature is most prominent in the wavelength region of 350 -600nm. The sudden change in the scattering distribution around the TIR angle is maintained for all wavelengths. The dimer configuration in Fig. 3(b) is not unique in providing asymmetric forward scattering patterns. One can essentially consider different width combinations between the dimer elements to tune the directionality of the antenna as shown in Fig. 6 . Other dimer structures with both individual features supporting LSP resonances at the resonant wavelength can also have significantly asymmetric scattering around the TIR angle directions. If there are at least two vertical electric dipole moments being excited with the required phase difference and spatial displacement, one can attain a similar asymmetric scattering behaviour. In Fig. 6(a) , where the left dimer is 50nm narrower than the right dimer, light is scattered mostly into the positive angles. In Fig. 6(b) the dimers have the same width and, as expected, the asymmetric scattering is lost due to the horizontal mirror symmetry of the structure. In Fig. 6(c) , however, the left dimer is 50nm wider than the right dimer, and light is scattered mostly into the negative angles. Interestingly, the farfield of Fig. 6(a) is virtually the mirror image of the far-field of Fig. 6(c) , which indicates that the phase difference between light scattered from the left and right ridges was reversed when the left ridge width went from 50nm shorter to 50nm larger than the right ridge. Utilizing larger ridge elements however, comes at the expense of a larger portion of power scattered around the normal direction. Interestingly, up to widths of 200nm, the entire dimer system can still be well fitted with only four electric dipole line sources (Fig.  11, Table 4 of the Appendix).
We thus see that only considering electric dipole moments can provide a congruent picture of the actual physics and provide design intuition even for such relatively large nanoantennas. One can also equivalently describe the nanoantenna scattering characteristics in terms of magnetic and electric multipolar moments. However, care needs to be taken since a non-optimal basis set may blur the physics and hinders easy design intuition. 
Array configuration response
Finally, we use the asymmetric dimer of Fig. 3(b) as the unit cell of a grating and examine its diffraction properties. Figure 7(a) and 7(b) show the transmission for a respective grating with a period of 500nm as a function of the wavelength and the tangential wave vector component of the incident light k ||,inc = k 0 sin(θ inc ) where k 0 is the vacuum wave vector and θ inc is the angle of incidence from air. Normal incidence corresponds to k ||,inc = 0. Figure 7(a) shows the transmittance towards the + 1 diffraction order which corresponds to diffraction to positive angle. Figure 7(b) shows the transmission for the −1 diffraction order. As is apparent from the figures, light is preferentially diffracted into the + 1 order for an extended spectral and angle of incidence range.
The striking difference between the diffraction efficiencies for the + 1 and −1 bands can be explained by the interplay between the diffracted light's parallel momentum and the scattering profile of the single dimer. This interplay is illustrated in Fig. 7(c) , which shows the far-field intensity of the light scattered by the single dimer as a function of k ||,scat where k ||,scat = k 0 n subs sin(θ scat ) with θ scat as the scattering angle under consideration and n subs as the substrate index . Two illumination scenarios are considered. The blue/red solid line plots shows the far-field intensity distribution for light incidence with k ||,inc = +/− 0.0015 rad/nm which corresponds to +/− 7.2° incidence angle. In both cases, the free space wavelength is 530nm. Notice that k ||,inc is the momentum of light propagating in air whereas k ||,scat [the x-axis of Fig. 7(c) ] is the momentum of scattered light propagating in the substrate. The vertical dashed lines indicate the k ||,scat corresponding to the grating diffraction of orders + 1 and −1 for the respective incidence angles. Notice that the vertical dashed lines for the + 1 order lie on the edge of the high scattering lobe, which implies that for light incident with k || between k ||,inc = −0.0015 rad/nm and k ||,inc = 0.0015 rad/nm, the single dimer optimal scattering angles coincide with the angles of constructive interference between adjacent dimers. In other words, the unit-cell exhibits strong scattering into the + 1 order diffraction direction. This enhances the diffraction efficiency for this order [ Fig. 7(a) ]. The situation for the −1 order, on the other hand, is very different. As shown in Fig. 7(c) , the vertical lines for the −1 order lie in the region of low scattering. The unit-cell does not scatter efficiently into the −1 order diffraction direction. This results in lower diffraction efficiencies [ Fig. 7(b) ]. Note that the period we examine here (500nm) is in the range of the spatial extension of a single dimer configuration which is 250nm. The closest gap between the elements of neighbouring unit cells is only 250nm. Even so, the directional preference of the individual unit cell can be carried over to the array configuration as long as the corresponding diffraction route is available.
Summary
In conclusion, we presented a simple design principle based on coupled dipolar sources to achieve strongly asymmetric directional scattering. We showed an asymmetric plasmonic dimer nanoantenna, which provides strong forward scattering cross sections with high directivity into a higher index medium around the TIR angle. The demonstrated robustness of the preferred scattering direction with respect to wavelength and incidence angle stems from the scattering mechanism reliance on the vertically oriented dipole moments' near-field coupling to the substrate. The utilization of LSP and MIM gap resonances further contributes to the broadband and angle insensitive performance of the directional scattering. The specific scattering directionality around the positive TIR angle was obtained by engineering the phase difference between the excited vertically oriented effective electric dipole moments. The scattering preference is maintained even when the dimers are set in an array configuration as long as the preferred direction of the single nanoantenna is not prohibited by interference. Even though relatively large geometries beyond the quasi-static limit were required, the design considers the radiation pattern of multiple electric dipole sources only, without the need to resort to higher order multipolar sources. Apart from the greater simplicity, we showed that the model provides a more intuitive and quite accurate physical picture of the coupling interaction in our ridge dimer system, thus providing important insights into the physics of asymmetric directional scattering. Tables 1-4 give the multiple dipole line sources calculation parameters to fit various nanoantenna structures discussed in the manuscript. The axes convention of the tables follows that indicated in Fig. 1 . y 0 = 0nm corresponds to the interface of the substrate and positive values are on the air side. These parameters are input to Eq. (1) which describes the source terms used in the calculations. Fig. 8 . Scattered near-field and substrate far-field of the individual ridges that comprise the dimer in Fig. 3(b) . All ridges lie on top of the substrate and have height H = 100nm (a) ridge with width W = 50nm, (b) ridge width W = 150nm. The calculations were done for normal incidence at 530nm wavelength. Notice the difference of scale in the polar plots. Fig. 9 . Fit of the scattered far-field in the substrate for the case of Fig. 3 (b) at 530nm wavelength with the radiation of four electric dipole line sources (2 horizontally polarized and 2 vertically polarized dipoles). The fitted parameters are given in Table 3 . Fig. 10 . Far-field angular distribution of the asymmetric dimer with the 50nm ridge replaced by a 25nm ridge. The employment of a thinner ridge enhances directionality at the expense of reduction in the tolerance against variations in the angle of incidence. Fig. 11 . Fit of the scattered far-field in the substrate for the case of Fig. 6 (c) at 530nm wavelength to the radiation of four electric dipole line sources (2 horizontally polarized and 2 vertically polarized dipoles). The fitted parameters are given in Table 4 . 
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